INTRODUCTION
The insertion of bacterial inner membrane proteins can occur by two pathways, one involving the Sec translocase and the other independent of the Sec translocase. The Sec translocase is comprised of the protein-conducting SecYEG channel (1) , and the heterotrimeric SecDFYajC complex (2) that facilitates translocation. Interestingly, the Sec complex is also associated with YidC (3), a key component that plays an important role in membrane protein biogenesis (4, 5) . YidC mediates membrane insertion and comes into contact with the hydrophobic regions of Sec-dependent membrane proteins (6, 7) .
For translocation of large domains of membrane proteins, SecA is also needed (8) (9) (10) .
Typically, membrane proteins are targeted to the Sec translocase by the SRP pathway (11) .
Sec-independent membrane proteins use the YidC pathway for insertion. The M13 procoat and Pf3 coat proteins, which insert by a Sec-independent mechanism (12,13), strictly require YidC for their membrane insertion (14) (15) (16) ). In addition, photocrosslinking studies have shown that YidC plays a direct role as YidC is crosslinked to Pf3 coat during membrane insertion (16) . No contacts were observed between the Pf3 coat and the Sec components. While insertion of the Pf3 coat and M13 procoat proteins is dependent on the proton motive force (pmf) (13, 17) , they do not require the SRP components for targeting (16, 18) .
Recently, it has been shown that YidC is involved in the membrane assembly of cytochrome bo3 oxidase and the F 1 F 0 ATP synthase, but not NADH-dehydrogenase (19) .
These multisubunit membrane complexes play vital roles in cellular respiration where they participate in the complex chemistry of electron transport and coupled oxidative phosphorylation. When YidC is depleted, there is a measurable defect in both the pmf and the cytochrome bo3 oxidase activity as well as a defect in the F 1 F 0 ATPase activity (19) . The insertion of the F 0 sector subunits a and c of the ATP synthase is strictly dependent on YidC (20) . In mitochondria, the YidC homolog, Oxa1, plays a role in the assembly of respiratory protein complexes (21) . In oxa1-deficient cells, the assembly of by guest on January 22, 2018 http://www.jbc.org/ Downloaded from cytochrome c oxidase (22) and ATP synthase (23) is inhibited. While the chloroplast YidC homolog, Alb3, has not been shown to be involved in the assembly of respiratory protein complexes such as the F 1 F 0 ATP synthase, it has been shown to be critical for the insertion of the light harvesting chlorophyll-binding proteins into thylakoids (24, 25) .
One of the long-term objectives of our lab is to understand how the F 0 sector is assembled into the membrane and how it interacts with the F 1 sector to form the F 1 F 0 ATP synthase.
As a first step, we examined how the individual F 0 sector subunits are inserted and integrated into the membrane. We show in this paper that subunit a and b require the Sec translocase for membrane insertion and the SRP component Ffh for targeting. In this pathway, subunit b inserts into the membrane independent of the pmf. Interestingly, the pmf is required for translocation of the N-terminal region of subunit a, but not for the second periplasmic loop. In contrast, the Sec machinery and the SRP pathway are not involved in the membrane biogenesis of subunit c. Subunit c is a likely substrate for the novel YidC pathway. YidC depletion strain, are from our laboratory collection (14) . The WAM121 Ffh and JP325 SecDF depletion strains have been described (26, 27) . Construction of the subunit a, a-P2, subunit b, and subunit c expression vectors has been described (20) . In this study, the subunit b derivative contained a different tag, T7 tag, at its amino-terminus. Subunit c was extended at the C-terminus with the peptide stretch GVQDFTST and has a 10 Histag placed in the cytoplasmic loop (see below for details). The F 0 sector proteins were expressed in the plasmid pMS119, which contains the IPTG-inducible tac promoter and
The Ffh depletion strain WAM121 was grown in LB medium supplemented with 0.2% arabinose. To deplete Ffh, overnight grown cultures were first washed twice with LB medium then back diluted 1:20 and were grown to the mid-log phase in LB medium with 0.2% glucose for 2 h. Medium was switched to M9 minimal medium and the cells were grown an additional 30 min. To deplete SecDF, the JP325 SecDF depletion strain was grown in 0.2% glucose for various times. Overnight cultures grown in LB medium with arabinose, were washed twice with LB, then back-diluted 1:100 and grown in LB medium containing glucose (0.2%) for 3 h until OD 600nm reached 0.7. The cells were back-diluted 1:100 again with LB medium with glucose (0.2%) and grown for another 3 h until it reached the mid-log phase. Prior to labelling, the cells were switched to M9 medium containing glucose and grown for an additional 30 min. To deplete the cells of 6 YidC, JS7131 cells were grown to the mid-log phase in LB supplemented with glucose UncE, encoding subunit c, was subcloned from plasmid pRPG54 to the expression vector pMS119. A 10-His tag was introduced between R41 and Q42 of subunit c by sitedirected mutagenesis. The amino acid sequence GVQDFTST was added to the Cterminus of the His-tagged subunit c also by site-directed mutagenesis.
The subunit a-P2 derivatives were constructed by site-directed mutagenesis (Stratagene).
Site-directed deletion mutagenesis was used to make ∆2-39, ∆2-130 and ∆2-235 a-P2
constructs. R42 or R140 were substituted by alanine to create the derivatives a-P2-R24A
or a-P2-R140A, respectively.
RESULTS

Subunit a Inserts By the SRP and SecYEG/YidC Pathway.
We first examined whether SRP is required for targeting of subunit a (see Fig. 1C acid-precipitated and analyzed by SDS-PAGE and phosphorimaging. Since subunit a is highly over-expressed we were able to monitor the accessibility of subunit a without immunoprecipitating. Figure 1A (left panel) shows that when Ffh is present, subunit a is digested by proteinase K. In contrast, when Ffh is depleted subunit a is resistant to proteinase K. This indicates that its membrane insertion requires Ffh for targeting. In this study, we show that OmpA, an outer membrane protein, is digested by the added proteinase K in spheroplasts. OmpA serves as a positive control for the efficiency of spheroplasts formation, as it is not digested in intact cells. As a negative control, we show that GroEL, a cytoplasmic protein, is not digested by protease, showing that the spheroplasts remain intact. In order to be more quantitative, we studied subunit a-P2
where the Lep P2 domain (residues 220-323) is added to the C-terminus of subunit a (see Fig. 1C ). This enabled us to immunoprecipitate the protein using anti-Lep antiserum. Figure 1A (right panel) shows that subunit a-P2 depends on Ffh for its membrane insertion: a-P2 is accessible to proteinase K when Ffh is present whereas a-P2 is resistant to proteinase K when Ffh is depleted from the cell.
Next we investigated whether the Sec YEG/DF translocase mediates the membrane insertion of subunit a. To test this, we used JP325 to deplete SecDF and determined whether the insertion of subunit a was affected. Previously, it was shown in vivo that SecDF facilitates the insertion of Sec-dependent proteins (27) . Cells expressing subunit a or subunit a-P2 were depleted of SecDF, then pulse labeled for 1 min with [ 35 S]-methionine, converted to spheroplasts, and analyzed by protease-accessibility, as before. Upon digestion with proteinase K, subunit a-P2 give rise to a shorter fragment (depicted by * in Fig. 1 or Fig. 2 ) that is immunoprecipitated with anti-Lep antiserum. Since subunit a-P2 spans the membrane 5 times (cartoon in figure 3 shows the topology of subunit a-P2), it was not clear which external domain is digested by proteinase K to give rise to the shorter degradation fragment. Therefore, to determine which loop is digested by proteinase K we used oligonucleotide directed mutagenesis to make several molecular markers. Specifically, we made ∆2-39, ∆2-130, and ∆2-235 subunit a-P2 derivatives that would correspond to digested products of subunit a-P2 either in the N-terminal tail region, the second loop or the third periplasmic loop, respectively. To address the mechanism by which the N-terminal tail of subunit a is translocated, we examined translocation of this region within the subunit a-P2 construct. We examined the topology using the protease trypsin that has a specificity for Arg or Lys. As expected based on the topology (30), trypsin treatment (TP) leads to the production of two shifted a-P2 fragments (Fig. 4A) . The higher shifted fragment corresponds to the digestion of the tail region (see solid circle) at Arg 24 (there are no other potential trypsin sites), while the lower shifted band corresponds to digestion of the second periplasmic loop by trypsin at the flanking Arg 140 residue (see asterix). To confirm this, we mutated arginine 140 to an alanine and then performed trypsin-mapping experiment. Figure 4A shows that subunit a-P2-R140A is digested by trypsin to produce the higher shifted band, confirming the higher shifted band is a result of digestion in the amino-terminal region. Digestion of the second periplasmic loop does not occur as the arginine 140 was mutated. Moreover, mutation of Arg 24 to an Ala prevents cleavage of the N-terminal domain of subunit a-by trypsin to produce only the lower shifted band, corresponding to cleavage within the second periplasmic loop (Fig. 4A) . Translocation of the N-terminal region is dependent on the pmf since the addition of CCCP to abolish the pmf prevents the accumulation of the higher shifted bands in the parent wild-type subunit a-P2 with trypsin digestion (Fig.   4B ) and no shifted band is observed in the a-P2-R140A mutant when CCCP is added (Fig. 4C) . In addition, in the parent a-P2, only the lower shifted band is observed in the trypsin study when cells are treated with CCCP to dissipate the pmf prior to labeling since insertion of the second periplasmic loop is not dependent on the pmf (Fig. 4B,   +CCCP ).
Subunit b also Inserts By the SRP/Sec/YidC Pathway.
Next we investigated the membrane insertion mechanism of subunit b. To investigate the Ffh-dependence of subunit b, we added a T7 tag to the N-terminus of the protein so that the translocation of the N-terminus could be monitored (see Fig. 5F for topology). The ATPase (Fig. 5D ) or by CCCP treatment to abolish the pmf with CCCP prior to labeling (Fig. 5E ).
Subunit c Inserts By the Novel YidC Pathway.
To monitor the insertion of subunit c we introduced a 10 his tag in the cytoplasmic region and an 8 amino acid stretch at its C-terminus (see Experimental Procedures for details).
The 10-His tag enabled us to isolate the protein using metal chelate affinity resin. The tag, comprised of amino acid sequence GVQDFTST, was added to the C-terminus to be able to assay insertion of subunit c by observation of a shift in the molecular weight (see Fig. 6F for membrane orientation of subunit c). Figure 6A shows that the SRP pathway is not needed for membrane insertion of subunit c; the protein is cleaved to a smaller product by the protease under Ffh depletion conditions. Likewise, subunit c is accessible to proteinase K regardless of whether SecDF is depleted or not (Fig. 6B ). This suggests that subunit c inserts across the membrane independent of the Sec machinery. However, subunit c is strictly YidC dependent (Fig. 6C) . No shifted band is observed under YidC depletion conditions. In addition, the dissipation of the pmf with CCCP (Fig. 6E) or inactivation of the SecA ATPase (Fig. 6D ) has very little effect on the insertion of subunit c. As a control, we show that the addition of CCCP and azide results in the accumulation of proOmpA in the cytoplasm.
DISCUSSION
Recently, it was shown that YidC mediates the membrane insertion of the F 0 ATP synthase subunits (20) . However, it was unclear whether the F 0 sector subunits were inserted by the Sec/YidC pathway or by the YidC pathway that is distinct from the Sec translocase.
Here we report that the SecYEG/DF translocase and the SRP targeting pathway are In contrast, the pmf is not required for membrane insertion of subunit b (Fig. 5 ). For subunit a, the pmf-requirement is more complex, as demonstrated using a subunit a-P2
derivative. While subunit a-P2 requires the pmf for translocation of the N-terminal domain ( Fig. 4B and 4C) , it does not require the pmf for translocation of periplasmic loop given that the N-terminal 39 residue domain has five negatively charged residues and one positively charged residue (34). This pmf requirement for translocation of a negatively charged domain is similar to that observed with the Pf3 coat protein (13), procoat (28) and an inverted lep derivative (35).
The assumption in our studies using the subunit a-P2 derivative is that the conclusion derived from this protein will be relevant to the native subunit a protein. (6, 14) . In future studies, it will be important to identify the features of the membrane protein that make it solely dependent on YidC for membrane protein insertion. 
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